On the flavor composition of the high-energy neutrinos in IceCube  by Palomares-Ruiz, Sergio et al.
On the ﬂavor composition of the high-energy neutrinos in IceCube
Sergio Palomares-Ruiza,∗, Olga Menaa, Aaron C. Vincenta,b
aInstituto de Fı´sica Corpuscular (IFIC), CSIC-Universitat de Vale`ncia,
Apartado de Correos 22085, E-46071 Valencia, Spain
bInstitute for Particle Physics Phenomenology (IPPP), Department of Physics, Durham University,
Durham DH1 3LE, United Kingdom
Abstract
The IceCube experiment has recently released 3 years of data of the ﬁrst ever detected high-energy ( 30 TeV)
neutrinos, which are consistent with an extraterrestrial origin. In this talk, we compute the compatibility of the
observed track-to-shower ratio with possible combinations of neutrino ﬂavors with relative proportion (αe : αμ : ατ)⊕.
Although this observation is naively favored for the canonical (1 : 1 : 1)⊕ at Earth, once we consider the IceCube
expectations for the atmospheric muon and neutrino backgrounds, this ﬂavor combination presents some tension with
data. We ﬁnd that, for an astrophysical neutrino E−2ν energy spectrum, (1 : 1 : 1)⊕ at Earth is currently disfavored at
92% C.L. We discuss the trend of this result by comparing the results with the 2-year and 3-year data. We obtain the
best-ﬁt for (1 : 0 : 0)⊕ at Earth, which cannot be achieved from any ﬂavor ratio at sources with averaged oscillations
during propagation. Although it is not statistically signiﬁcant at present, if conﬁrmed, this result would suggest either
a misunderstanding of the expected background events, or a misidentiﬁcation of tracks as showers, or even more
compellingly, some exotic physics which deviates from the standard scenario.
Keywords: high-energy neutrinos, IceCube, ﬂavor ratios
1. Introduction
The ﬁrst evidence for a high-energy neutrino ﬂux
of extraterrerstrial origin was obtained with a 2-year
search in the IceCube neutrino detector, from May 2010
to May 2012 [1, 2]. In this period, 28 veto-passing
events were recorded (7 tracks and 21 showers) with
deposited energies between ∼30 TeV and ∼1 PeV. The
atmospheric neutrino and muon background is expected
to be 10.6+5.0−3.6 events [2]. This rate, and also the ob-
served spectrum, is inconsistent with this background
alone, with a signiﬁcance of 4.1σ. Recently, an extra
year of data was released, with 2 extra tracks and 7 ex-
tra showers in the ∼30 TeV to 2 PeV range, which in-
creases the signiﬁcance of their extraterrestrial origin at
∗Speaker and corresponding author
Email addresses: Sergio.Palomares.Ruiz@ific.uv.es
(Sergio Palomares-Ruiz), omena@ific.uv.es (Olga Mena),
aaron.vincent@durham.ac.uk (Aaron C. Vincent)
the 5.7σ level [3]. The identiﬁcation of the sources of
this incoming neutrino ﬂux requires disentangling the
background from the signal, with the study of the en-
ergy distribution of the observed events, their correla-
tion with photons and/or protons, their arrival direction
and their ﬂavor composition. A ﬁrst detailed discussion
on the ﬂavor composition of these high-energy neutri-
nos was carried out in Ref. [4]. In this talk, we highlight
the main results presented there and extend further the
discussion with the 3-year results.
For the 2-year (3-year) data, IceCube expects to
see 8.6 (12.1) tracks from the background [2, 3],
whereas only 7 (9) tracks have been observed above
∼30 TeV in deposited energy. This would imply that
the astrophysical component overwhelmingly produces
showers inside the detector. However, as a result
of (photo)hadronic interactions, astrophysical neutrinos
are commonly modeled as the decay products of pions,
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kaons and secondary muons, and the expectation for
the neutrino ﬂavor ratio at the source1 is (αe,S : αμ,S :
ατ,S ) =(1 : 2 : 0)S . However, these neutrinos travel
over cosmic distances, so oscillations are averaged and
this ratio becomes (αe,⊕ : αμ,⊕ : ατ,⊕) = (1 : 1 : 1)⊕
at Earth [5], which leads to a non-negligible component
of astrophysical tracks. However, the comparison be-
tween the expected background and the observed events
indicates that there cannot be a signiﬁcant number of
astrophysical tracks, so a departure from the canonical
expectation is present (see Ref. [6], however). Devi-
ations of the neutrino ﬂavor ratios from this canonical
expectation have been discussed in the literature, as the
default diagnostic of standard eﬀects (including meson
energy losses or muon polarization [7, 8, 9, 10, 11, 12]),
neutron decays [13], deviations from tribimaximal mix-
ing [14, 15, 16, 10, 11, 17, 18, 19, 20, 21], neutrino mat-
ter eﬀects in the source [22] and other more exotic sce-
narios [14, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34].
At the energies under consideration, below a few PeV,
there are two main event topologies in IceCube: muon
tracks, associated with a propagating muon, and elec-
tromagnetic or hadronic showers. Here, we assess the
probability of observing the track-to-shower ratio seen
by the IceCube neutrino telescope as a function of the
astrophysical neutrino ﬂavor composition, and we con-
sider the full range (αe : αμ : ατ)⊕ at the detector.
Following Ref. [4], we ﬁrst outline the calculation of
the muon track and shower event rates in IceCube, af-
ter which we describe our statistical approach. Then,
we present and discuss our results for the 2-year and
3-year data, summarized in Figs. 1 and 2. We show
that, with the 2-year (3-year) data and after accounting
for the expected backgrounds, the canonical combina-
tion (1 : 1 : 1)⊕ is disfavored at the 81% (92%) conﬁ-
dence level (C.L.) for an E−2ν spectrum. We stress that
the new 3-year data follow a similar proportion of tracks
and showers, so the observation does not seem to be an
statistical ﬂuctuation, as shown in Fig. 3.
2. Neutrino events in IceCube
At these energies, the IceCube events consist of two
type of event topologies: muon tracks and showers. In
both cases, we consider the deposited energy to be equal
to the sum of the energies of all the showers in the event
1We use the subscript “S ” to denote the ﬂavor composition at the
location of the astrophysical sources, before any propagation eﬀect
takes place, whereas “⊕” represents the composition at Earth. In the
analysis presented here, we do not place any restrictions on the ﬂavor
ratios at Earth.
and whenever a muon is produced, we neglect the small
amount of energy deposited along the muon track. We
also neglect the small suppression of the light yield in
hadronic showers due to the presence of more neutral
particles [35]. We do not take into account the error in
the determination of the deposited energy and we use
the eﬀective detector masses for each ﬂavor and type
of interaction as a function of the neutrino energy, in-
stead of the detector mass as a function of the deposited
energy2, which is the quantity which is actually mea-
sured. Although these approximations are not appropri-
ate when performing a spectral analysis, they introduce
very small errors in an analysis with a single and wide
energy bin like the one we consider here. Overall, we
have checked that all these approximations have little
impact on our results.
Showers are induced by both νe and ντ charge current
(CC) interactions, as well as by neutral current (NC)
interactions of neutrinos of all three ﬂavors. The total
number of showers (sh) produced by NC interactions
for any neutrino (and analogously antineutrino) ﬂavor i
reads
Nsh,NCνi = T NA
∫ ∞
Emin
dEν MNC(Eν) Attνi (Eν)
dφνi (Eν)
dEν
×
∫ ymax
ymin
dy
dσNC(Eν, y)
dy
, (1)
where Eνy = (Eν−E′ν) is the shower energy and E′ν is the
energy of the outgoing neutrino, with ymin = Emin/Eν
and ymax = min{1, Emax/Eν}. The minimum (maximum)
deposited energy in this analysis is Emin = 30 TeV
(Emax = 2 PeV). The diﬀerential NC cross section
is dσNC/dy, T is the observation time, MNC is the
energy-dependent eﬀective detector mass for NC inter-
actions, NA = 6.022 × 1023g−1, Attνi is the attenua-
tion/regeneration factor due to the absorption and regen-
eration of νi when traversing the Earth and dφνi/dEν is
the νi ﬂux.
Using the same notation, the total number of CC νe
(and analogously ν¯e) induced showers can be written as
Nsh,CCνe = T NA
∫ ∞
Emin
dEν MCCνe (Eν) Attνe (Eν)
dφνe (Eν)
dEν
×
∫ 1
0
dy
dσCCνe (Eν, y)
dy
× Θ (Emax − Eν) . (2)
For ντ (and analogously for ν¯τ), the total number
of shower events induced by CC interactions with an
2Whereas the eﬀective masses as a function of the neutrino energy
were published in Ref. [2], the eﬀective mass as a function of the
deposited energy is not publicly available.
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hadronic tau decay mode is given by [36]
Nsh,CC−hadντ = T NA
∫ ∞
Emin
dEν MCCντ (Eν) Attντ (Eν)
dφντ (Eν)
dEν
×
∫ 1
0
dy
dσCCντ (Eν, y)
dy
∫ 1
0
dz
dn(τ→ had)
dz
×Θ (Eν(y + (1 − y)(1 − z)) − Emin)
×Θ (Emax − Eν(y + (1 − y)(1 − z))) , (3)
where the total hadronic shower energy is the sum of
the hadronic energy from the broken nucleon, Eνy, and
the hadronic energy from the tau decay, Eν(1− y)(1− z),
where z = E′ν/Eτ, with E′ν the energy of the neutrino
from the decay. The spectrum of the daughter neutrino
in hadronic τ decays is dn(τ→ had)/dz.
The number of showers produced by the electronic
decay of the tau lepton, Nsh,CC−em, is written in an anal-
ogous way [36],
Nsh,CC−emντ = T NA
∫ ∞
Emin
dEν MCCντ (Eν) Attντ (Eν)
dφντ (Eν)
dEν
×
∫ 1
0
dy
dσCCντ (Eν, y)
dy
∫ 1
0
dze
dn(τ→ e)
dze
×Θ (Eν(y + (1 − y)ze) − Emin)
×Θ (Emax − Eν(y + (1 − y)ze)) , (4)
where the electron distribution from tau decays is
dn(τ → e)/dze, with ze = Ee/Eτ, and Ee is the electron
energy. The total number of showers produced by ντ CC
interactions (and equivalently by ν¯τ), Nsh,CCντ , is the sum
of the purely hadronic and hadronic/electromagnetic
showers.
Tracks are induced by muons from νμ and ντ CC in-
teractions. The energy deposited in the detector comes
dominantly from the hadronic shower, so we consider
the muon track as a tag for this type of events. Thus, the
total number of contained-vertex track-like (tr) events
from νμ (and analogously from ν¯μ) is
N trνμ = T NA
∫ ∞
Emin
dEν MCCνμ (Eν) Attνμ (Eν)
dφνμ (Eν)
dEν
×
∫ ymax
ymin
dy
dσCCνμ (Eν, y)
dy
. (5)
The total number of muon tracks produced by CC ντ
(and ν¯τ) interactions, N trντ , followed by tau decays (τ →
ντνμμ), is given by
N trντ = T NA
∫ ∞
Emin
dEν MCCντ (Eν) Attντ (Eν)
dφντ (Eν)
dEν
×
∫ ymax
ymin
dy
dσCCντ (Eν, y)
dy
Br(τ→ μ) , (6)
where Br(τ → μ) is the branching ratio of tau decays
into muons.
For the neutrino and antineutrino diﬀerential cross
sections we use the nusigma neutrino-nucleon scatter-
ing MonteCarlo code [37], which uses the CTEQ6 par-
ton distribution functions [38, 39]. We use the Ice-
Cube eﬀective masses MCCνi and M
NC [2]. The attenu-
ation/regeneration factors have been computed for each
ﬂavor and for neutrinos and antineutrinos independently
following Refs. [40, 41, 42]. We have not included
the small correction [43] due to the secondary νμ and
νe ﬂux produced by ντ interactions [44]. The attenua-
tion/regeneration factor in the above equations is the av-
erage factor for the whole sky, and thus it only depends
on the incoming neutrino energy. We assume the as-
trophysical neutrino ﬂux to be given by the same power
law and the same normalizations, E−γν , for the three neu-
trino and antineutrino ﬂavors. Throughout this letter, we
consider γ = 2 as our default value, which is in good
agreement with the data [2, 3].
3. Statistical analysis
The fractions of electron, muon and tau neutri-
nos produced in astrophysical sources are denoted as
{αi,S }. After propagation, averaged neutrino oscilla-
tions cause the ﬂavor ratio at Earth to be {α j,⊕} =∑
k,i |Ujk |2 |Uik |2{αi,S }, where U is the neutrino mixing
matrix for which we use the latest νﬁt results [45] (see
also Refs. [46, 47]). For {αi,S } = (1 : 2 : 0)S , this yields
a ﬂavor ratio at Earth of (1.04 : 0.99 : 0.97)⊕, very close
to the tribimaximal expectation, (1 : 1 : 1)⊕.
For a given combination {αi,⊕}, the total number of
events produced by astrophysical neutrinos is
Na({αi,⊕}) = αe,⊕ (Nsh,CCνe + Nsh,NCνe )
+αμ,⊕ (N trνμ + N
sh,NC
νμ
)
+ατ,⊕ (N trντ + N
sh,CC
ντ
+ Nsh,NCντ ) , (7)
where we implicitly assume the sum of neutrino and an-
tineutrino events. The proportion of muon tracks3 is
ptra ({αi,⊕}) =
1
Na({αi,⊕})
(
αμ,⊕ N trνμ + ατ,⊕ N
tr
ντ
)
, (8)
and conversely for showers, psha ({αi,⊕}) ≡ 1 − ptra ({αi,⊕}).
For the 2-year (3-year) data, the IceCube collabora-
tion estimated the background of atmospheric muons
3We have checked that the fraction of tracks and showers predicted
by the IceCube collaboration for diﬀerent astrophysical spectra [3]
agrees with our expectations for the (1 : 1 : 1)⊕ ﬂavor ratio.
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Figure 1: Ternary plot of the exclusion C.L. for all possible ﬂavor
combinations (αe,⊕ : αμ,⊕ : ατ,⊕) as seen at Earth, given the 7 tracks
and 21 showers observed at IceCube after 2 years. The lower right
corner corresponds to 100% electron neutrinos, the upper corner is
100% muon neutrinos, and the lower left corner to 100% tau neutri-
nos. The central sliver in blue corresponds to the possible ﬂavor com-
binations for astrophysical neutrinos, after oscillations have been aver-
aged during propagation. The best-ﬁt is the darkest point, (1 : 0 : 0)⊕.
The white star corresponds to (1 : 1 : 1)⊕, which is expected from a
(1 : 2 : 0)S combination at the source. The color scale indicates the
exclusion C.L. given an E−2ν spectrum of incoming neutrinos. Solid
(dashed) lines show 68% C.L. (95% C.L.) contours, cyan for E−1ν ,
thick black for E−2ν and pink for E−3ν spectra. From Ref. [4].
and neutrinos to be bμ = 6 ± 3.4 (bμ = 8.4 ± 4.2)
and bν = 4.6+3.7−1.2 (bν = 6.6
+5.9
−1.6), respectively [2, 3].
In the results presented below, we take the background
events to be Poisson-distributed, but we do not include
the quoted systematic errors. We note that even if we
consider the lower end of the 1σ intervals, only about
two tracks would be allowed to be of astrophysical ori-
gin, in both the 2-year and the 3-year data samples.
Let us notice that, even in that case, the number of
expected astrophysical showers would be much larger
than that of tracks, a factor of about 10 larger. We have
checked that this does not change the best-ﬁt value, but
it just slightly reduces the signiﬁcance of our results.
Additionally, neutrinos from atmospheric charmed me-
son decays could represent a few extra background
events. Given the uncertainty in this prediction (see,
e.g., Ref. [48]), we consider this case separately and
use a benchmark component [48]. For the fraction of
background showers and tracks in the 30 TeV − 2 PeV
energy range, we use the numbers quoted by the Ice-
Cube collaboration: tracks account for 69% of the con-
ventional atmospheric neutrino event rate, 19% of the
prompt atmospheric neutrino event rate and 90% of the
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Figure 2: Same as Fig. 1, but given the 9 tracks and 28 showers ob-
served at IceCube after 3 years. The best-ﬁt is still (1 : 0 : 0)⊕, and
the canonical ﬂavor ratio (1 : 1 : 1)⊕ is disfavored at a slightly higher
C.L.
events induced by atmospheric muons [3]. We have also
checked that the uncertainties in the ratio of tracks to
showers from atmospheric neutrinos, as computed with
diﬀerent initial ﬂuxes, do not change our results in a sig-
niﬁcant way. For instance, using the high-energy atmo-
spheric neutrino ﬂuxes of Refs. [49, 50, 51], the fraction
of tracks induced by the conventional ﬂux is ∼ 50%.
This would only weaken our conclusions by changing
the C.L. contours by a few percent.
The likelihood of observing Ntr tracks and Nsh show-
ers, for a given combination {αi,⊕} and a total number of
astrophysical neutrinos Na, is
L({αi,⊕},Na|Ntr,Nsh) =
e−(p
tr
a Na+p
tr
μbμ+p
tr
ν bν) (p
tr
a Na+p
tr
μ bμ+p
tr
ν bν)
Ntr
Ntr!
× e−(psha Na+pshμ bμ+pshν bν) (psha Na+pshμ bμ+pshν bν)NshNsh! , (9)
where ptrν = 0.69 (p
sh
ν = 1 − ptrν ) is the frac-
tion of tracks (showers) in the atmospheric neutrino
background and ptrμ = 0.9 (p
sh
μ = 1 − ptrμ ) is the
fraction of tracks (showers) in the atmospheric muon
background [3]. Since the total number of events
produced by astrophysical neutrinos is not of inter-
est in this analysis, Na can be treated as a nuisance
parameter and can be set to the value Nmaxa ({αi,⊕})
which maximizes L({αi,⊕},Na|Ntr,Nsh) for {αi,⊕}, yield-
ing Lp({αi,⊕}|Ntr,Nsh) ≡ L({αi,⊕},Nmaxa ({αi,⊕})|Ntr,Nsh).
We deﬁne the log-likelihood ratio
λ(Ntr,Nsh|{αi,⊕}) = −2 ln
( Lp({αi,⊕}|Ntr,Nsh)
Lp({αi,⊕}max|Ntr,Nsh)
)
, (10)
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Figure 3: Top panel: Evolution of the C.L. of exclusion of the canoni-
cal ﬂavor ratio (1 : 1 : 1)⊕ for an E−2ν spectrum, computed by using the
2-year data and the background expectation and extrapolating them in
time. The black (red) line represents the case without the (with the
benchmark) prompt atmospheric neutrino backgrond. The blue trian-
gle indicates the actual result with the 3-year data. The two dashed
lines represent the 2σ and 3σ C.L. Bottom panel: Residuals with re-
spect to a χ2 distribution with two degrees of freedom, showing that
indeed the actual distribution of the test statistic λ is very close to a χ2
distribution.
where {αi,⊕}max is the combination of neutrino ﬂavors
that maximizes the likelihood of observing Ntr tracks
and Nsh showers. The p-value for a given combination
{αi,⊕} is
p({αi,⊕}) =
∑
Ntr,Nsh
P(Ntr,Nsh|{αi,⊕}) , (11)
where P(Ntr,Nsh|{αi,⊕}) ≡ Lp({αi,⊕}|Ntr,Nsh) is the prob-
ability of observing Ntr tracks and Nsh showers given
the ﬂavor ratio {αi,⊕} and Nmaxa ({αi,⊕}), and the sum
runs over all combinations of Ntr and Nsh which sat-
isfy λ(Ntr,Nsh|{αi,⊕}) > λ(Ntr = 7,Nsh = 21|{αi,⊕}).
Although we use the exact deﬁnition of the p-value,
Eq. (11), we note that the test statistic λ asymptot-
ically approaches a χ2 distribution with two degrees
of freedom (see the bottom panel in Fig. 3). The p-
value can easily be translated into an exclusion C.L.:
C.L.({αi,⊕}) = 1 − p({αi,⊕}).
4. Results
Using Eq. (11), we compute the exclusion limits for
all combinations of {αi,⊕}, without any restrictions on
the ﬂavor ratios at Earth. We show the results for the 2-
year data in Fig. 1 and in Tab. 1 we quantitatively state
how disfavored the canonical ﬂavor ratio (1 : 1 : 1)⊕
dφν/dEν ∝ E−1ν E−2ν E−3ν
π/K 96% 81% 52%
π/K + charm 95% 80% 53%
π/K (3-yr data) 99% 92% 70%
Table 1: C.L. limits for the (1 : 1 : 1)⊕ ﬂavor ratio observed at
Earth. The three columns represent three possible assumptions for the
index of the power-law energy spectrum of the astrophysical neutri-
nos. “π/K” includes the conventional atmospheric muon and neutrino
background and “π/K + charm” additionally includes the benchmark
ﬂux of “prompt” neutrinos from the decay of charmed mesons in the
atmosphere. The two upper rows refer to the 2-year data [2] and the
last one to the 3-year data [3].
is. The color scale shows the exclusion C.L. assuming
an E−2ν astrophysical spectrum with the same normaliza-
tion for all three ﬂavors, which describes well the data
in the 30 TeV− 2 PeV energy range [2]. Lines show the
68% and 95% C.L. limits, which we illustrate for three
diﬀerent spectra. For the 2-year data, the (1 : 1 : 1)⊕
scenario is disfavored at 81% C.L. for an E−2ν spectrum.
Harder spectra are more constrained, since a larger ﬂux
of νμ’s and ντ’s at high energies leads to the produc-
tion of more muons. We note that the best-ﬁt point is
(1 : 0 : 0)⊕, which cannot be obtained from any ﬂavor
ratio at sources assuming averaged oscillations during
propagation.
Beyond the conventional π/K atmospheric neutrino
background, the eﬀect of an atmospheric charm com-
ponent is also shown in Tab. 1, where we see that the
changes are not important.
The results for the 3-year data are depicted in Fig. 2,
where we use the same convention for colors and lines
as in Fig. 1. In this case, the (1 : 1 : 1)⊕ scenario
is disfavored at 92% C.L. for an E−2ν spectrum. Aside
from not being yet statistically very signiﬁcant, we note
that the 3-year data follows the trend we would expect
if the 2-year results were not a statistical ﬂuctuation.
This is quantitatively shown in Fig. 3, where we com-
pute the evolution of the C.L. for (1 : 1 : 1)⊕ by scal-
ing up in time the astrophysical and background events
of the 2-year data (with and without the prompt atmo-
spheric background). The blue triangle represents the
result with the 3-year data without including the prompt
atmospheric background, which is very close to the ex-
trapolation from the 2-year data.
5. Summary and discussion
Although the statistical power of the high-energy
events seen at IceCube remains low, the fact that the ob-
served number of tracks is smaller than the expectation
from the atmospheric muon and neutrino backgrounds
S. Palomares-Ruiz et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 433–439 437
allows us to place moderate constraints on the ﬂavor ra-
tios of the astrophysical neutrinos. If these are assumed
to have an unbroken E−2ν energy spectrum and they are
allowed to have any ﬂavor combination, the (1 : 1 : 1)⊕
ratio at Earth is disfavored at 81% C.L (92% C.L.) with
the 2-year (3-year) data. For other spectra, the limits are
presented in Tab. 1.
Let us also note that for the best-ﬁt for the power-
law index of the astrophysical spectrum quoted by Ice-
Cube using the events above 60 TeV (deposited energy),
E−2.3ν [3], (1 : 1 : 1)⊕ at Earth is disfavored at 86% C.L.
with the 3-year data. It is compelling to note that signiﬁ-
cant limits are potentially at hand. Indeed, in the 3-year
data [3], the proportion of tracks and showers is simi-
lar to that in the 2-year data. If the ratio of 1 track per
3 showers above 30 TeV holds for future observations,
(1 : 1 : 1)⊕ could be disfavored at 3σ C.L. for an E−2ν
spectrum after a total of 8 years, as shown in Fig. 3. If
this trend continues, we are faced with several potential
implications: (a) the atmospheric background has been
overestimated; (b) some tracks have been misidentiﬁed
as showers; (c) the main mechanism of astrophysical
neutrino production is not purely hadronic interactions;
(d) no ﬂavor combination at the source provides a good
ﬁt to the data and hence, the observed ﬂavor ratios are
due to some non-standard physics which favors a domi-
nant νe+ν¯e composition at Earth, for instance as in some
scenarios of neutrino decay [23, 24, 31, 32], CPT viola-
tion [25], pseudo-Dirac neutrinos [27, 28, 32] or sterile
neutrino altered dispersion relations due to shortcuts in
an extra dimension [33]; or (e) the neutrino cross sec-
tions are diﬀerent from the standard expectation at high
energies, as in some models of TeV gravity [34].
The ﬁrst very high-energy events detected by Ice-
Cube have opened the door to the era of neutrino astron-
omy. Even with such a small sample, the event topol-
ogy could provide compelling information on the pro-
duction, propagation and detection of neutrinos at high
energies. Nevertheless, these searches are statistically
limited. Therefore, a future high-energy extension of
the IceCube detector and the planned KM3NeT tele-
scope [52] could be crucial in order to have the potential
to ﬁrmly establish the origin and composition of these
neutrinos.
Acknowledgments
We thank Claudio Kopper for clarifying discus-
sions about the IceCube detector and data. SPR is
supported by a Ramo´n y Cajal contract and by the
Spanish MINECO under grant FPA2011-23596 and
by GVPROMETEOII/2014/049. OM is supported
by the Consolider Ingenio project CSD2007–00060,
by PROMETEO/2009/116, by the Spanish Grant
FPA2011–29678 of the MINECO. ACV was supported
by FQRNT and European contract FP7-PEOPLE-2011-
ITN. The authors are also partially supported by
PITN-GA-2011-289442-INVISIBLES. SPR is also par-
tially supported by the Portuguese FCT through the
projects PTDC/FIS-NUC/0548/2012 and CFTP-FCT
Unit 777 (PEst-OE/FIS/UI0777/2013), which are par-
tially funded through POCTI (FEDER).
References
[1] M. Aartsen, et al., First observation of PeV-energy neu-
trinos with IceCube, Phys.Rev.Lett. 111 (2013) 021103.
arXiv:1304.5356, doi:10.1103/PhysRevLett.111.021103.
[2] M. Aartsen, et al., Evidence for High-Energy Extraterrestrial
Neutrinos at the IceCube Detector, Science 342 (6161) (2013)
1242856. arXiv:1311.5238, doi:10.1126/science.1242856.
[3] M. Aartsen, et al., Observation of High-Energy Astro-
physical Neutrinos in Three Years of IceCube Data,
Phys.Rev.Lett. 113 (2014) 101101. arXiv:1405.5303,
doi:10.1103/PhysRevLett.113.101101.
[4] O. Mena, S. Palomares-Ruiz, A. C. Vincent, On the ﬂa-
vor composition of the high-energy neutrino events in Ice-
Cube, Phys.Rev.Lett. 113 (2014) 091103. arXiv:1404.0017,
doi:10.1103/PhysRevLett.113.091103.
[5] J. G. Learned, S. Pakvasa, Detecting tau-neutrino oscillations
at PeV energies, Astropart.Phys. 3 (1995) 267–274. arXiv:hep-
ph/9405296, doi:10.1016/0927-6505(94)00043-3.
[6] C.-Y. Chen, P. S. B. Dev, A. Soni, Standard Model Ex-
planation of the Ultra-high Energy Neutrino Events at Ice-
Cube, Phys.Rev. D89 (2014) 033012. arXiv:1309.1764,
doi:10.1103/PhysRevD.89.033012.
[7] J. P. Rachen, P. Meszaros, Photohadronic neutrinos from tran-
sients in astrophysical sources, Phys.Rev. D58 (1998) 123005.
arXiv:astro-ph/9802280, doi:10.1103/PhysRevD.58.123005.
[8] T. Kashti, E. Waxman, Flavoring astrophysical neutrinos: Fla-
vor ratios depend on energy, Phys.Rev.Lett. 95 (2005) 181101.
arXiv:astro-ph/0507599, doi:10.1103/PhysRevLett.95.181101.
[9] M. Kachelriess, R. Tomas, High energy neutrino yields
from astrophysical sources I: Weakly magnetized sources,
Phys.Rev. D74 (2006) 063009. arXiv:astro-ph/0606406,
doi:10.1103/PhysRevD.74.063009.
[10] P. Lipari, M. Lusignoli, D. Meloni, Flavor Compo-
sition and Energy Spectrum of Astrophysical Neutri-
nos, Phys.Rev. D75 (2007) 123005. arXiv:0704.0718,
doi:10.1103/PhysRevD.75.123005.
[11] S. Pakvasa, W. Rodejohann, T. J. Weiler, Flavor Ratios of Astro-
physical Neutrinos: Implications for Precision Measurements,
JHEP 0802 (2008) 005. arXiv:0711.4517, doi:10.1088/1126-
6708/2008/02/005.
[12] S. Hummer, et al., Energy dependent neutrino ﬂavor ra-
tios from cosmic accelerators on the Hillas plot, As-
tropart.Phys. 34 (2010) 205–224. arXiv:1007.0006,
doi:10.1016/j.astropartphys.2010.07.003.
[13] L. A. Anchordoqui, et al., Galactic point sources of TeV antineu-
trinos, Phys.Lett. B593 (2004) 42. arXiv:astro-ph/0311002,
doi:10.1016/j.physletb.2004.04.054.
[14] H. Athar, M. Jezabek, O. Yasuda, Eﬀects of neu-
trino mixing on high-energy cosmic neutrino ﬂux,
Phys.Rev. D62 (2000) 103007. arXiv:hep-ph/0005104,
doi:10.1103/PhysRevD.62.103007.
S. Palomares-Ruiz et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 433–439438
[15] J. F. Beacom, et al., Sensitivity to theta(13) and
delta in the decaying astrophysical neutrino scenario,
Phys.Rev. D69 (2004) 017303. arXiv:hep-ph/0309267,
doi:10.1103/PhysRevD.69.017303.
[16] P. D. Serpico, Probing the 2-3 leptonic mixing at high-energy
neutrino telescopes, Phys.Rev. D73 (2006) 047301. arXiv:hep-
ph/0511313, doi:10.1103/PhysRevD.73.047301.
[17] A. Esmaili, Y. Farzan, An Analysis of Cosmic Neutrinos:
Flavor Composition at Source and Neutrino Mixing Param-
eters, Nucl.Phys. B821 (2009) 197–214. arXiv:0905.0259,
doi:10.1016/j.nuclphysb.2009.06.017.
[18] S. Choubey, W. Rodejohann, Flavor Composition of
UHE Neutrinos at Source and at Neutrino Telescopes,
Phys.Rev. D80 (2009) 113006. arXiv:0909.1219,
doi:10.1103/PhysRevD.80.113006.
[19] L. Fu, C. M. Ho, T. J. Weiler, Cosmic Neutrino Flavor Ratios
with Broken νμ − ντ Symmetry, Phys.Lett. B718 (2012) 558–
565. arXiv:1209.5382, doi:10.1016/j.physletb.2012.11.011.
[20] A. Chatterjee, et al., Probing CP violation with the ﬁrst ultra-
high energy neutrinos from IceCubearXiv:1312.6593.
[21] X.-J. Xu, H.-J. He, W. Rodejohann, Constraining Astrophys-
ical Neutrino Flavor Composition from Leptonic Unitarit-
yarXiv:1407.3736.
[22] O. Mena, I. Mocioiu, S. Razzaque, Oscillation eﬀects on
high-energy neutrino ﬂuxes from astrophysical hidden sources,
Phys.Rev. D75 (2007) 063003. arXiv:astro-ph/0612325,
doi:10.1103/PhysRevD.75.063003.
[23] R. M. Crocker, F. Melia, R. R. Volkas, Searching for long wave-
length neutrino oscillations in the distorted neutrino spectrum
of galactic supernova remnants, Astrophys.J.Suppl. 141 (2002)
147–155. arXiv:astro-ph/0106090, doi:10.1086/340278.
[24] J. F. Beacom, et al., Decay of high-energy astrophysical neutri-
nos, Phys.Rev.Lett. 90 (2003) 181301. arXiv:hep-ph/0211305,
doi:10.1103/PhysRevLett.90.181301.
[25] G. Barenboim, C. Quigg, Neutrino observatories can
characterize cosmic sources and neutrino properties,
Phys.Rev. D67 (2003) 073024. arXiv:hep-ph/0301220,
doi:10.1103/PhysRevD.67.073024.
[26] J. F. Beacom, et al., Measuring ﬂavor ratios of high-energy
astrophysical neutrinos, Phys.Rev. D68 (2003) 093005.
arXiv:hep-ph/0307025, doi:10.1103/PhysRevD.68.093005,
10.1103/PhysRevD.72.019901.
[27] J. F. Beacom, et al., PseudoDirac neutrinos: A Challenge
for neutrino telescopes, Phys.Rev.Lett. 92 (2004) 011101.
arXiv:hep-ph/0307151, doi:10.1103/PhysRevLett.92.011101.
[28] A. Esmaili, Pseudo-Dirac Neutrino Scenario: Cosmic Neu-
trinos at Neutrino Telescopes, Phys.Rev. D81 (2010) 013006.
arXiv:0909.5410, doi:10.1103/PhysRevD.81.013006.
[29] A. Bhattacharya, S. Choubey, R. Gandhi, A. Watanabe, Dif-
fuse Ultra-High Energy Neutrino Fluxes and Physics Be-
yond the Standard Model, Phys.Lett. B690 (2010) 42–47.
arXiv:0910.4396, doi:10.1016/j.physletb.2010.04.078.
[30] A. Bhattacharya, S. Choubey, R. Gandhi, A. Watanabe, Ultra-
high neutrino ﬂuxes as a probe for non-standard physics,
JCAP 1009 (2010) 009. arXiv:1006.3082, doi:10.1088/1475-
7516/2010/09/009.
[31] P. Baerwald, M. Bustamante, W. Winter, Neutrino Decays
over Cosmological Distances and the Implications for Neu-
trino Telescopes, JCAP 1210 (2012) 020. arXiv:1208.4600,
doi:10.1088/1475-7516/2012/10/020.
[32] S. Pakvasa, A. Joshipura, S. Mohanty, Explanation
for the low ﬂux of high energy astrophysical muon-
neutrinos, Nucl.Phys.Proc.Suppl. 246-247 (2014) 85–89.
arXiv:1209.5630, doi:10.1016/j.nuclphysbps.2013.10.069.
[33] E. Aeikens, H. Ps, S. Pakvasa, P. Sicking, Flavor ratios of extra-
galactical neutrinos and neutrino shortcuts in extra dimension-
sarXiv:1410.0408.
[34] J. I. Illana, M. Masip, D. Meloni, A new physics interpretation
of the IceCube dataarXiv:1410.3208.
[35] C. Wiebusch, The detection of faint light in deep underwa-
ter neutrino telescopes, Ph.D. thesis, RWTH Aachen, Ger-
many, http://web.physik.rwth-aachen.de/∼wiebusch/
Publications/Various/phd.pdf (1995).
[36] S. I. Dutta, M. H. Reno, I. Sarcevic, Tau neutrinos underground:
Signals of muon-neutrino —> tau neutrino oscillations with ex-
tragalactic neutrinos, Phys.Rev. D62 (2000) 123001. arXiv:hep-
ph/0005310, doi:10.1103/PhysRevD.62.123001.
[37] M. Blennow, J. Edsjo, T. Ohlsson, Neutrinos from WIMP
annihilations using a full three-ﬂavor Monte Carlo, JCAP
0801 (2008) 021. arXiv:0709.3898, doi:10.1088/1475-
7516/2008/01/021.
[38] J. Pumplin, et al., New generation of parton distributions with
uncertainties from global QCD analysis, JHEP 0207 (2002) 012.
arXiv:hep-ph/0201195, doi:10.1088/1126-6708/2002/07/012.
[39] J. Pumplin, et al., Parton distributions and the strong cou-
pling: CTEQ6AB PDFs, JHEP 0602 (2006) 032. arXiv:hep-
ph/0512167, doi:10.1088/1126-6708/2006/02/032.
[40] V. A. Naumov, L. Perrone, Neutrino propagation through mat-
ter, Astropart.Phys. 10 (1999) 239–252. arXiv:hep-ph/9804301,
doi:10.1016/S0927-6505(98)00046-2.
[41] S. Iyer, M. H. Reno, I. Sarcevic, Searching for muon-
neutrino —> tau-neutrino oscillations with extragalactic neu-
trinos, Phys.Rev. D61 (2000) 053003. arXiv:hep-ph/9909393,
doi:10.1103/PhysRevD.61.053003.
[42] S. Rakshit, E. Reya, On the transport equations of cos-
mic neutrinos passing through Earth and secondary nu(mu)
ﬂuxes, Phys.Rev. D74 (2006) 103006. arXiv:hep-ph/0608054,
doi:10.1103/PhysRevD.74.103006.
[43] S. I. Dutta, M. H. Reno, I. Sarcevic, Secondary neutrinos from
tau neutrino interactions in earth, Phys.Rev. D66 (2002) 077302.
arXiv:hep-ph/0207344, doi:10.1103/PhysRevD.66.077302.
[44] J. F. Beacom, P. Crotty, E. W. Kolb, Enhanced signal
of astrophysical tau neutrinos propagating through earth,
Phys.Rev. D66 (2002) 021302. arXiv:astro-ph/0111482,
doi:10.1103/PhysRevD.66.021302.
[45] M. Gonzalez-Garcia, et al., Global ﬁt to three neutrino mix-
ing: critical look at present precision, JHEP 1212 (2012) 123.
arXiv:1209.3023, doi:10.1007/JHEP12(2012)123.
[46] D. Forero, M. Tortola, J. Valle, Global status of neutrino os-
cillation parameters after Neutrino-2012, Phys.Rev. D86 (2012)
073012. arXiv:1205.4018, doi:10.1103/PhysRevD.86.073012.
[47] G. Fogli, et al., Global analysis of neutrino masses, mix-
ings and phases: entering the era of leptonic CP violation
searches, Phys.Rev. D86 (2012) 013012. arXiv:1205.5254,
doi:10.1103/PhysRevD.86.013012.
[48] R. Enberg, M. H. Reno, I. Sarcevic, Prompt neutrino ﬂuxes
from atmospheric charm, Phys.Rev. D78 (2008) 043005.
arXiv:0806.0418, doi:10.1103/PhysRevD.78.043005.
[49] S. Sinegovsky, O. Petrova, T. Sinegovskaya, High-energy
spectrum and zenith-angle distribution of atmospheric neutri-
nosarXiv:1109.3576.
[50] O. Petrova, T. Sinegovskaya, S. Sinegovsky, High-energy spec-
tra of atmospheric neutrinos, Phys.Part.Nucl.Lett. 9 (2012) 766–
768. doi:10.1134/S1547477112070138.
[51] T. Sinegovskaya, E. Ogorodnikova, S. Sinegovsky, High-energy
ﬂuxes of atmospheric neutrinosarXiv:1306.5907.
[52] P. Bagley, et al., Km3net technical design report for a deep-sea
research infrastructure incorporating a very large volume neu-
trino telescope, http://km3net.org/TDR/TDRKM3NeT.pdf
(2011).
S. Palomares-Ruiz et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 433–439 439
